Introduction {#Sec1}
============

Metals and alloys used for engineering purposes are often subjected to biaxial stress states and strain path changes during their fabrication or under service conditions. These complex strain paths, coupled with elastic/plastic anisotropy of polycrystals, result in heterogeneous distributions of intergranular strains, governing macroscopic response such as yield strength, work hardening, etc. Although biaxial testing is increasingly used to study macroscopic behavior of materials,[@CR1]--[@CR3] limited research efforts have been directed toward understanding the underlying microstructure and intergranular strain evolution.[@CR4]--[@CR6]

In-situ neutron and synchrotron x-ray diffraction are well established techniques to study internal stress and microstructure evolution.[@CR7]--[@CR9] The evolution of diffraction peak positions, width, and intensity can provide insight into the average intergranular and intragranular strains and texture evolution within different grain families;[@CR10] these grain families are classified according to their crystallographic orientation with respect to the diffraction vector. In the present work, the focus is on intergranular strains, also known as lattice or micro-strains, in differently oriented grain families. The average lattice strain of a grain family represents the fraction of applied load, i.e., type-I or macroscopic stresses, shared by that grain family. Elastic anisotropy, plastic slip, grain neighborhood interactions and the direction of loading significantly influence this evolution. Average lattice strain evolution during uniaxial loading has been studied for a variety of materials.[@CR7]--[@CR12]

Recently, a biaxial testing rig was developed to deform cruciform samples during in-situ neutron diffraction measurements.[@CR13] Cruciform samples of 316L austenitic stainless steel were deformed under uniaxial and biaxial monotonic tensile loading and strain path changes.[@CR5] The results showed that lattice strain evolution under monotonic equibiaxial tension (EQUI) is significantly different from uniaxial tension in a dog-bone (DB) sample.

A comprehensive understanding of the relationship between the biaxial stress ratio and lattice strain evolution can be achieved by combining in-situ diffraction studies with crystal plasticity modeling. Mesoscale models such as the mean-field elasto-plastic self-consistent model,[@CR14] ^,^ [@CR15] the mean-field elasto-viscoplastic self-consistent model,[@CR16] the full-field crystal plasticity finite element (FE) model,[@CR17] the full-field elasto-viscoplastic fast Fourier transform (EVP-FFT) model,[@CR18] etc., have been used to understand the lattice strain evolution during uniaxial loading for different material systems. In this work, the computationally efficient full-field EVP-FFT model is used.[@CR19] The EVP-FFT is designed to study representative volume elements (RVEs) of polycrystals subjected to strain rate or stress boundary conditions.

To that end, a multiscale modeling strategy was recently proposed in Ref. [@CR6] and is illustrated in Fig. [1](#Fig1){ref-type="fig"}. The approach involves supplying an experimental applied load and displacement conditions as boundary conditions to drive a macroscale FE simulation of cruciform geometry using the ABAQUS software. The predicted gauge surface strains are validated by using digital image correlation (DIC) measurements. The predicted macroscopic gauge stresses are supplied as homogeneous boundary conditions to drive the EVP-FFT model. Then, lattice strains calculated with EVP-FFT are averaged over all the grains belonging to a grain family and compared with in-situ neutron diffraction measurements. The combined FE and EVP-FFT approach (FE-FFT) was used to study the role of uniaxial and biaxial loading on the contribution of elastic/plastic anisotropy to the average lattice strain evolution of different grain families for 316L stainless steel cruciform samples.[@CR6] Fig. 1Multiscale synergy between in-situ neutron measurements during biaxial testing and FE-FFT modeling

In this work, the objective is to highlight the role of grain neighborhood interactions on the lattice strain evolution of 200 and 220 grain families during DB and EQUI loadings. The 200 and 220 families demonstrate elastically the most compliant and intermediate compliant average lattice strain response, respectively, for both loadings.[@CR5] Furthermore, during DB and EQUI loadings, the average lattice strain evolution in these families shows the most interesting similarities and differences.[@CR6] The article is divided into sections as follows. The experimental and simulation setup are first recalled. Then, the simulation procedure is validated by comparing the predicted average lattice strain evolution for the two grain families with in-situ neutron diffraction results. Next, the simulation results are used to study the lattice strain distribution within the two grain families for DB and EQUI loadings. The comparison shows that EQUI loading results in a much larger spread in lattice strain evolution in comparison with DB loading for both grain families. To appreciate the role of grain neighborhood interactions, the lattice strain evolution is studied within the subsets of the 200 and 220 grain families; the classification into subsets is based on the crystallographic orientation of the 200 and 220 grains with respect to the diffraction vector and loading directions. The results show that the contribution of the grain neighborhood to the lattice strain evolution is highly dependent on the loading conditions.

Experiment and Simulation Setup {#Sec2}
===============================

In the following, the material properties, experimental details, and simulation setup are briefly recalled. For details, the readers are referred to Refs. [@CR5] and [@CR6].

Material Properties and Sample {#Sec3}
------------------------------

The material is a warm-rolled, face-centered cubic (fcc) 316L stainless steel composed of Cr-17.25, Ni-12.81, Mo-2.73, Mn-0.86, Si-0.53, C-0.02 wt.%. Electron backscattering diffraction reveals a mild texture, the details of which are presented in Ref. [@CR5]. The grains are equiaxed with \~7 microns average size. The von Mises (VM) true stress versus strain curve from a DB tensile test is shown in solid black in Fig. [2](#Fig2){ref-type="fig"}. The cruciform geometry is shown in Fig. [1](#Fig1){ref-type="fig"}. Direction 1 is aligned along the rolling direction for both cruciform and DB samples. The cruciform sample has a central gauge thickness of 3 mm and an arm thickness of 10 mm. A two-camera system is used to perform in-situ DIC surface strain measurements. The DIC speckle pattern is designed by hand spraying layers of black and white spray paint. A homogeneous pattern is obtained with the following order of spraying: white--black--white. The spatial resolution for strain measurements is 150 × 150 *μ*m^2^. The error in DIC strain measurement scales according to the equation: $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{err}}\left( \% \right) = a \times E\left( \% \right) + b\left( \% \right) $$\end{document}$, where *E* is the true strain along one of the in-plane directions and *a* and *b* fall in the range \[0.014, 0.024\] and \[0.05, 0.09\], respectively. In the present work, EQUI loading, i.e., *F* ~2~:*F* ~1~ = 1:1, of cruciform samples is compared with uniaxial tensile DB loading. Both tests are performed under load control at a rate of 40 N s^−1^.Fig. 2VM stress versus strain curve from uniaxial tensile loading on 316L stainless steel dog-bone samples. In dots, the experimental curve is obtained during in-situ neutron diffraction measurements. In solid black, the experimental curve is obtained during ex-situ monotonic loading. The dashed gray line (overlapping the black line) is the macroscopic FE simulation fit, and the dot-dash line is the EVP-FFT fit

In-Situ Neutron Diffraction {#Sec4}
---------------------------

Neutron diffraction experiments were performed at the pulse overlap time-of-flight diffractometer (POLDI) beamline in the Swiss spallation neutron source (SINQ) facility. The incoming beam, having a cross section of 3.8 × 3.8 mm^2^, is incident at the center of the circular gauge area. The detector and samples are oriented such that the diffraction vector $\documentclass[12pt]{minimal}
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                \begin{document}$$ d_{hkl}^{0} $$\end{document}$ is the initial average interplanar spacing of the *hkl* family. The detector only measures those grains that have their normal to the {*hkl*} plane oriented at ±7.5° with respect to direction 1.

During neutron measurements, sample arms are held under constant displacement resulting in stress relaxations. The dotted curve in Fig. [2](#Fig2){ref-type="fig"} shows VM stress versus strain curve obtained from a DB test during in-situ neutron diffraction.

Macroscale FE Simulations {#Sec5}
-------------------------

ABAQUS FE simulations[@CR20] are used to obtain gauge stresses. Only one eighth of DB and cruciform geometries are simulated. A linear 8-node hexahedron mesh is used. Macroscopic elastic properties of 316L steel obtained from monotonic DB tests are assigned to the simulated geometry. The macroscopic elastic response is modeled as isotropic with the experimentally measured Young's modulus of 190 GPa and Poisson's ratio of 0.31. The plastic response is modeled with built-in nonlinear isotropic and kinematic hardening law with five back-stresses. Stress versus strain curve from monotonic tensile test (black line in Fig. [1](#Fig1){ref-type="fig"}) on DB samples is provided as input. The ABAQUS/Standard algorithm uses this curve to fit the back-stress parameters without the need for manual fitting. The FE fit is shown with a gray dashed line in Fig. [2](#Fig2){ref-type="fig"}.

Mesoscale EVP-FFT Model {#Sec6}
-----------------------

The EVP-FFT approach[@CR19] models the periodic representative volume element (RVE) of the polycrystalline domain. The RVE is divided into evenly spaced voxels along the sample reference directions such that each grain contains several voxels. Single-crystal elastic and plastic properties are attributed to each voxel. The elastic behavior is modeled with Hooke's law $\documentclass[12pt]{minimal}
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                \begin{document}$$ \tau_{\text{c}}^{\text{s}} $$\end{document}$ are the reference shear rate, power law exponent, and critical resolved shear stress (CRSS) for slip system *s*, respectively. The evolution of CRSS is modeled as a function of the total accumulated shear (Γ) on all slip systems with the extended Voce-type hardening law:[@CR21] $$\documentclass[12pt]{minimal}
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A 2,500-grain Voronoi tessellated microstructure with random texture is divided into 64^3^ voxels. Each voxel is assigned single-crystal properties of face-centered-cubic 316L steel.[@CR6] The three independent elastic constants for this steel are *c* ~11~ = 204.6 GPa, *c* ~12~ = 137.7 GPa, and *c* ~44~ = 126.2 GPa. The hardening parameters are fit to obtain an artificial stress--strain curve that overlaps with the cusps during in-situ neutron measurements (dot-dash line in Fig. [2](#Fig2){ref-type="fig"}); this is typically done in crystal plasticity modeling of in-situ diffraction tests.[@CR23] The fitted extended Voce hardening law parameters are shown in Table [I](#Tab1){ref-type="table"}. Macroscopic stress boundary conditions obtained from FE simulations are used to drive the EVP-FFT model.Table IFitted Voce hardening parameters for 316L stainless steel$\documentclass[12pt]{minimal}
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Virtual Diffraction {#Sec7}
-------------------

In the polycrystalline reference frame, $\documentclass[12pt]{minimal}
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                \begin{document}$$ \vec{\varvec{g}} $$\end{document}$ is aligned along the loading direction for the DB sample and the loading direction 1 for the cruciform sample. Note that the EVP-FFT model provides detailed information on the lattice strain or microstrain (*με*) evolution including for those grains that are out of neutron detector range. Nevertheless, for comparison with in-situ neutron diffraction, only those voxels are chosen that have one of their {*hkl*} planes nearly aligned (±7.5° tolerance) with $\documentclass[12pt]{minimal}
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                \begin{document}$$ \vec{\varvec{g}} $$\end{document}$. In the simulation (experiment), during plastic deformation, some voxels (grains or parts of grains) in the simulated (experimental) microstructure will move in or out of the detector angular range as a result of plastic slip-induced rotations. To facilitate a comparison with in-situ neutron diffraction results, the number of voxels contributing to the lattice strain evolution is updated after every time step. Following this comparison in the section titled "[Average Lattice Strain Evolution in 200 and 220 Families](#Sec10){ref-type="sec"}," only those voxels are considered that contributed to the lattice strain evolution prior to deformation. This is explained in detail in the section titled "[Lattice Strain Distribution in 200 and 220 Families](#Sec11){ref-type="sec"}." For all such voxels, *με* is computed as $\documentclass[12pt]{minimal}
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                \begin{document}$$ \left\langle {\left\langle {\mu \varepsilon } \right\rangle } \right\rangle_{hkl} $$\end{document}$---here the inner brackets indicate averaging over all voxels from one grain belonging to the *hkl* family, and the outer brackets indicate averaging over all grains belonging to the same *hkl* family---should correspond to the experimentally measured *ε* ~*hkl*~ from Eq. [1](#Equ1){ref-type=""}. Finally, in the present work, *με* is defined as 10^6^ times the lattice strain; the lattice strains are of the order 10^−3^; therefore, any quantity computed from *με* will be of the order 10^3^. This is typically done to compare with experimental lattice strains that are often presented as *ε* ~*hkl*~ × 10^6^.

Results {#Sec8}
=======

The FE-FFT model has already been successfully validated for DB and EQUI loading by comparing at the macroscale the FE predicted and experimental DIC strains.[@CR6] To avoid redundancy, the macroscale validation is not repeated. Henceforth, macroscale and mesoscale quantities are denoted with uppercase and lowercase letters, respectively.

Macroscopic Stresses and Strains {#Sec9}
--------------------------------

Figure [3](#Fig3){ref-type="fig"}a shows the FE predicted stress versus strain along loading direction 1, i.e., Σ~11~ versus *E* ~11~ curves for DB and EQUI loadings. EQUI loading results in a stiffer elastic and a harder plastic response in comparison with DB loading. This is because in the elastic regime, as a result of Poisson's (ratio *v*) compression, $\documentclass[12pt]{minimal}
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Average Lattice Strain Evolution in 200 and 220 Families {#Sec10}
--------------------------------------------------------

Figures [3](#Fig3){ref-type="fig"}b and c show, for the 200 and 220 families, the comparison between simulation predicted $\documentclass[12pt]{minimal}
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                \begin{document}$$ \left\langle {\left\langle {\mu \varepsilon } \right\rangle } \right\rangle_{hkl} $$\end{document}$ and experimental *ε* ~*hkl*~ as a function of FE predicted macroscopic stress Σ~11~ under both loadings. In general, a good agreement is obtained between simulations and experiments. The noisy behavior of 220 lattice strains is a result of the decrease in 220 peak intensity inducing uncertainties during the fitting.[@CR6] In the elastic regime, EQUI loading results in a stiffer response for both families. For both loadings, the 220 response is stiffer than the 200 response. The difference in $\documentclass[12pt]{minimal}
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Lattice Strain Distribution in 200 and 220 Families {#Sec11}
---------------------------------------------------

The results in Fig. [3](#Fig3){ref-type="fig"} indicate that the $\documentclass[12pt]{minimal}
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                \begin{document}$$ \left\langle {\left\langle {\mu \varepsilon } \right\rangle } \right\rangle_{hkl} $$\end{document}$ evolution under a biaxial stress ratio *R* = Σ~22~/Σ~11~ depends on the interplay among (1) *R*, (2) elastic anisotropy, (3) plastic slip activity on each slip system, and (4) elastic/plastic grain neighborhood interactions. The role of *R* on the contribution of elastic anisotropy and plastic slip has been extensively studied in Ref. [@CR6]. In the following, the role of *R* on the contribution of grain neighborhood interactions to lattice strain evolution is highlighted. Understanding this requires going beyond the spatial resolution achievable from in-situ neutron diffraction experiments. Therefore, for the remainder of this article, the analysis will be performed solely by using the simulation results. This study complements the work done in Ref. [@CR6].
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As a first step to understand the role of *R* on grain neighborhood interactions, the $\documentclass[12pt]{minimal}
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Classification of *hkl* Families Based on Crystallographic Orientation {#Sec12}
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Lattice Strain Distribution within 200 and 220 Subsets {#Sec13}
------------------------------------------------------
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